INTRODUCTION
In the previous paper /1 / a model was proposed that was designed to describe the temperature and strain-rate dependence of the flow stress and strain-rate sensitivity of a copper-tin alloy. This model was tested using a Cu 3.1 at. % Sn alloy deformed in tension at a strain-rate of 4x10"V over the temperature range from 77 to 1000 Κ and found to satisfactorily describe experimental data between 77 and 500 K. Above 500 K, however, it failed and it was suggested that the failure might be due to the action of climb and recovery processes above 500 K.
Earlier work on titanium /2/ had led to a similar conclusion. In this former case it was noted that the effect of dynamic strain aging acting to raise the work hardening rate was opposed by dynamic annealing which tends to lower" it. The result being that the width of the titanium dynamic strain aging work hardening peak was seriously reduced in comparison to that of carbon steel and certain other metals. It was also observed that the specimen grain size was an important parameter since dynamic annealing is more significant at the smallest grain sizes.
Since this interaction between dynamic strain aging and dynamic annealing has to play an important role in determining the high temperature mechanical properties of copper-tin alloys, it was decided to investigate in depth the mechanical behavior between 500 and 700 K.
Consequently, Cu-4.9 at. % Sn specimens with mean grain intercepts between 5 and 340 μπι were pulled in tension between 77 and 700 Κ at strain-rates covering a range of five orders of magnitude. Since it had been reported /3/ that at temperatures near and above 500 Κ the ductility of a Cu-Sn alloy may be increased anomalously by intergranulaf cracking, special attention was paid to the fracture morphology.
EXPERIMENTAL PROCEDURES
The Cu-4.9 at. % Sn alloy in this work was prepared by the Materials Research Corporation (MRC) using 99.998% elemental materials. As received, 25.4 mm diameter cast rods were homogenized by annealing for 24 hours at 1005 Κ and then swaged, with two intermediate four hour anneals at 977 K, until rods of 6.4 mm diameter were obtained. Tensile specimens with 3.8 by 30 mm gage sections were machined from these rods. These latter were given various anneals to otain the desired grain sizes. Thus, the coarse grained specimens The deformed specimens observed by optical micro-scopy were electropolished in a 50 g Cu(N03)3H2), 5 ml HN03 and 150 ml CH3OH solution cooled in an ice and water bath. Specimens observed by SEM were electropolished in a 25% HN03 -75% CH3OH solution.
EXPERIMENTAL RESULTS
Curves are shown in Fig. 1 giving the variation of the reduction in area with the strain-rate in the 340 ^m coarse grained specimens for four temperatures between 500 and 700 K. Corresponding ductility vs. strain-rate curves for fine grain sized (5 Mm) specimens are shown in Fig. 2 , while ductility against strain-rate curves for three different grain sizes 340, 57 and 5 μπ\ all deformed at the same temperature, 600 K, are compared in Fig. 3 . Constant strain-rate reduction in area against temperature curves are shown in Fig. 4 for the strain-rates 10~2
and KTV" 1 . The variations of the ultimate tensile stresses with temperature at the two strain-rates, 10~2 and lO'V 1 , are plotted for both 5 and 340μτη grain sizes in 
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Large Grained Specimens. A low magnification optical photograph of a 340μτη specimen fractured at 500K and e= 1CTV 1 is shown in Fig. 8 . Note the ductile transgranular fracture. A similar low magnification photograph of a 340μτη specimen deformed at the same temperature but at a much slower strain-rate, 4.1x10~V', appears in Fig.  9a . This produced a fracture that was largely intergranular with some grains, mostly near the surfce failing transgranularly. A SEM photograph of this fracture appears in Fig. 9b . Figure 10 shows at a low magnification the fracture of a 340μηι specimen tested at 600K and the fastest strain-rate 4.1xl0~1s~1. Note that this fracture is similar to that in Fig. 9 . The fracture surface of another 340μηι specimen also tested at 600 Κ but at a strain-rate 10 s times slower (4-lxlO'V 1 ) may be seen in Fig. 11 . This shows a still more brittle fracture with grain boundary facets that are both less distorted and show less evidence of plastic tearing. deformed at 500K and a fast strain-rate, 10 s .
(a) A rather extensive example of surface cracking on a 340μηι specimen tested at 700K at a moderately slow strain-rate, lCTV 1 , appears in Fig. 12 . Fine Grained Specimens. Figure 13 shows an interior section of a 5μηι specimen deformed at 500K and 10~V. An SEM fractograph of this specimen appears in Fig. 14.
Fig.
13. This SEM photograph shows the microstructure along a longitudinal section of a fractured fine grained (5jUm) "4 "1 specimen tested at 500K and a strain-rate of 10 s . Fig. 16 show the variation of the microstructure of this specimen as one moves on a longitudinal section from the specimen shoulder towards the neck. The distance between centers of two adjacent areas in Fig. 16 was 0.5 mm. The four photographs thus correspond to a total distance of 1.5 mm and to an increasing strain as one moves from Fig. 16a to Fig. 16d. (a) (b) Figure 16d shows the microstructure very close to the fracture. Since the R.A. at the neck was 0.98, Fig. 16d corresponds to a R.A. close to but less than 0.98. It is further estimated that the metal in the area of Fig. 16a was subjected to an approximately 0.20 smaller R.A. than that in Fig. 16d Fig. 1 shows a R.A. that decreases monotonically with decreasing strain-rate for all temperatures between 500 and 700K and strain-rates between 4.1x10"' and 4.1xlO"V'. The 5μηι specimen curves, in Fig. 2 , on the other hand, all have a R.A. minimum at an intermediate strain-rate. Thus, while at fast strain-rates their R.A. decreases with decreasing e this trend reversed at the slowest strain-rates where the R.A. increased with decreasing e. Figure 3 , which includes 600 Κ data for an intermediate grain size (57μτη) with the 5 and 340μπι 600K data, shows that the 57 jum grain size curve had a shape intermediate between the coarse and fine grained curves and a much less pronounced minimum than the fine grained material. This suggests that the severity of the shift in the strain-rate ductility relationship increases progressively with decreasing grain size.
The curves in Fig. 2 have another significant feature; the strain-rate corresponding to the R.A. minimum is temperature dependent. This interrelation between temperature and strain-rate can also be revealed by plotting R.A. vs. Τ curves at constant e as in Fig. 4 . Note that a 100 fold strain-rate change shifts the minimum temperature abot 50 Κ corresponding to an apparent activation energy of about 250kJ/mol.
The 600K stress-strain curves in Figs. 6 and 7 also indicate a basic difference between the mechanical properties of the coarse and fine grained materials. The 340/zm grain size specimens had stress-strain curves in which rapid failure occured shortly after the ultimate stress was reached. At slower strain-rates these specimens had very small ultimate stresses and total elongations. According to Fig. 7 the fine grained specimens had much higher ultimate strengths and greater elongations than the coarse grained specimens. At the slowest strain-rate, 4.1xl0~V', the elongation was over 60% or about 12 times that of the 340μηι specimen deformed at this same strain-rate.
An interesting feature of Fig. 7 is that the curves of the fine grained specimens strained at the two fastest rates, 4.1x1ο" 1 and 10~V', are similar to the coarse grained specimen curves in Fig. 6 in that rapid fracture occurred shortly after the ultimate stress was reached. This can be explained by the 600K data in Fig. 2 which shows that the data point of the most rapidly deformed specimen lies on the R.A. vs. e curve where the ductility falls with a drop in e and the data point of the second most rapidly strained specimen (lO'V 1 ) lies at the minimum of this curve. On the other hand the remaining two stress-strain curves correspond to specimens deformed on the slow strain-rate side of the minimum where a decrease in e results in an increased R.A. Note that these latter stress-strain curves differ from the coarse grained specimen curves in Fig. 6 since after the ultimate stress was reached rapid fracture did not occur. Rather the load dropped slowly and irregularly with resulting large total elongations. The significance of this will be discussed later.
A rationalization of these grain size effects on the mechanical behavior is possible with the aid of the photomicrigraphs in Figs. 8 to 17 . First consider the coarse grained (340μιη) micrographs. Figures 8 and 9 show that at 500K a shift in fracture mechanism from ductile transgranular to brittle intergranular began when the strain-rate was droped from 10~2 to 4-lxlO" 6 . As may be seen in the 500K or uppermost R.A. vs. e curve in Fig. 1 this is accompanied by a large drop in R.A. from .79 to .35 suggesting that the coarse grained specimens may be subject to a slow strain-rate embrittlement within the temperature and strain-rate limits of this investigation.
This suggestion is supported by the 600K micrographs For example in Fig. 10 the fracture morphology at the fastest strain-rate at 600K, 4.1xl0~'s~', is similar to that obtained at the slowest strain-rate at 500K in Fig. 9 . These two specimens also had nearly the same R.A as may be deduced from Fig. 1 . In this case, the temperature strain-rate relationship for the same microstructure has an apparent activation energy about 289kJ/mol. In addition Fig. 1 shows that decreasing the strain-rate from 4.1x10"' to 4.1xl0" 6 at 600K lowered the R.A.
from .36 to about .10. As may be seen in Fig. 11 , this produced an almost perfect brittle intergranular fracture with sharply defined facets. The gage section of a slowly deformed, e= 10~V\ 700K specimen is shown in Fig.  12 . Observe the extensive cracking primarily along grain boundaries transverse to the specimen axis.
In summary, within the temperature range from 500 to 700 Κ and the strain-rate interval from 4.1x10"' to 4.1X10A"' the fracture mechanism in the 340μπι grain size specimens shifts from ductile transgranular at the lowest temperature (500 K) and fastest strain-rate (4.1x10"') to a brittle intergranular fracture at the highest temperature (700 K) and slowest-strain-rate (4.1x10"V'). This shift has the general characteristics of a slow strain-rate embrittlement; the slower the strain-rate and the higher the temperature the greater the embrit-tlement. In these 340/xm specimens dynamic recrystallization was not found to be a significant factor. Now consider the metallographic results obtained with the fine grained specimens. Figures 13 and 14 show an interior section and the fracture surface respectively of a 5μιτι grain size specimen deformed at 500 Κ at a strain-rate of KTV 1 . This specimen, as may be seen in Fig. 4 , lies on the low temperature side of the ductility minimum at 500K in the e=10" 4 s" 1 plot of R.A. vs. Τ and thus should fall on the high strain-rate side of the ductility minimum in a constant temperature R.A. versus e plot. In other words one may expect that it was deformed at a temperature and strain-rate where the R.A. decreases with decreasing strain-rate. Both the photograph of the internal section and the microfractograph are consistent with a mixed intergranulartransgranular fracture. The reduction in area of this specimen was about 0.55.
A specimen deformed at the same 10~V strain-rate but at a temperature 150° higher (650K) is the subject of Figs. 15 to 17. The first of these illustrations shows one end of the fractured specimen at low magnification. This specimen obviously underwent a large amount of necking before rupturing and by Fig. 2 it failed with a large, 0.90, R.A. The higher magnification SEM photographs in Fig. 16 show a number of larger gray areas that are probably remanent grains from the starting structure. These residual grains are apparently surrounded by a matrix consisting of very small (<l/um) dynamically recrystallized grains with pores or voids between many of them. Support for this analysis is given by the SEM fractograph of this specimen in Fig. 17 . This analysis is also consistent with other observations /4-6/ in which it has been reported that dynamically recrystallized grains tend to form preferentially at the grain boundaries of a starting microstructure. The four photographs in Fig. 16 also show that the number of residual grains in a given area decreased as the strain increased and that even at very large strains, such as near the fracture in Fig. 16d , remanent grains still existed. This latter is in agreement with Blaz, Sakai and Jonas /6/, who report that one of their copper specimens, which was almost completely recrystallized (dynamically) after a strain of 0.6, still contained the centers of a few original grains which remained untouched by dynamic recrystallization. The small holes, lying between the microscopic recrystallized grains in Fig. 16 , are believed to result from the formation of high temperature intergranular pores along the boundaries of the recrystallized grains.
High temperature intergranular porosity is now generally considered to be responsible for the high temperature intergranular brittle fracture that frequently occurs in metals subjected to high temperature creep and tensile deformation. Thus, according to Russell and Jaffrey /3/ the initiation of brittle fracture in a copper-tin solid solution as well as in pure copper, can be explained by a model based upon the growth of voids in the grain boundaries. The voids are thought to grow by the grain boundary diffusion of vacancies to them. Therefore, it is reasonable to consider that the brittle intergranular fracture observed in the present coarse grained specimens was due to void formation and coalescence.
The fact that the fine grained specimens recrystallized dynamically, at the temperatures and strain rates of this investigation, while the coarse grained specimens did not is probably due to the greater grain boundary surface energy stored in fine grained specimens over that in coarse grained specimens. The development of large intergranular cracks leading to early complete specimen failure was precluded in the fine grained specimens since the material next to the original grain boundaries was highly unstable and subject to dynamic recrystallization. The transient nature of this region should make the simple interconnection of pores to form large continuous cracks difficult. At the same time the growth of large crystallized grains should also be precluded because of the discontinuous nature of the structure caused by the presence of small pores. The end result was a large apparent plasticity. The early work of Russell and Jaffray /3/ who studied the high temperature embrittlement of copper and a Cu-3.2 at. % Sn alloy supports this conclusion. They also observed stress-strain curves similar to that of 5 μιτι specimen deformed at 600 Κ and e=4.1xl0~V
1 (see bottom curve in Fig. 7 ) when they tested fine grained specimens of their copper -3.2 at. % tin alloys at comparable temperatures and strain-rates. Russell and Jaffrey /3/ noted that these curves are not typical and associated them with the formation of many fine transverse cracks. They also concluded that the associated large elongations should be referred to as a pseudo ductility because most of the elongation was due to the opening up of cracks. The present work supports this conclusion, however, it also suggests that a large part of the ductility could be associated with extension due to deformation in the dynamically recrystallized and thus softened material.
An interesting question is how does the dynamic recrystallization phenomena observed in the fine grained specimens relate to the dynamic strain aging phenomena. In this regard, attention is directed to Fig. 4 . Near the top and bottom of this illustration the temperature ranges are indicated in which dynamic strain aging serrations were observed in the 5/im specimens at the 10" 2 and 1CTV 1 strain-rates respectively. Serrations were also observed in these same intervals on the stress-strain curves of the 340μηι specimens. The temperature intervals in which serrations or the Portevin-Le Chatelier effect are observed can be used as a rough measure of the extent of the dynamic strain aging phenomena at a given strain-rate. Fig. 4 shows that at both the 10~2 and lCfV 1 strain-rates the serrations were only observed with the 5 μηι specimens up to the temperatures of the R.A. minima. Just above these latter temperatures dynamic annealing became strong enough to cause an increase in the ductility. Since a part of this ductility is associated with intergranular cracking it is interesting to note that intergranular fracture was first detected in specimens tested well below the minima in the 5μηι specimens and near the centers of the temperature intervals in which serrations were detected; i.e., at approximately 450K for e=10"V' and 500 Κ for e=10" 2 s" 1 . As may be seen in Fig. 5 these temperatures correspond closely to those of the dynamic strain aging ultimate stress peaks in constant strain-rate plots of the ultimate tensile stress versus the temperature for the present Cu-4.9 at. % Sn specimens. This also implies that in this alloy the ultimate stress begins to fall as soon as intergranular fracture begins to occur.
Since the work hardening peak temperatures are significantly lower than those of the 5μπ\ ductility minima it is apparent that the rise in ductility above a minimum must be primarily due to dynamic annealing (recrystallization). In support of this conclusion is that in the 340μηι specimens, where dynamic annealing was not a factor, the ductility continued to fall when the temperature was raised above that of the 5μπι ductility minimum.
There remains the failure of the flow stress and strain-rate sensitivity model in the 500 to 700Κ temperature range. This model was tested using 50μπι grain size specimens of a 3.1 at. % Sn alloy that were pulled in tension at a strain-rate of 4xl0~V 1 . If we ignore the higher tin concentration in the present alloy, then the earlier specimens had a grain size comparable to the present 57μπι specimens. Figure 3 shows that, in these 57μτη specimens, a 4x10"V' strain-rate corresponds to a region on the 600K reduction in area versus strain-rate curve where the ductility rises on decreasing the strain-rate. This implies that dynamic recrystallization occurred in the present Cu 4.9 at. % Sn specimens at 600 Κ and e=4xlO~V. It also strongly suggests that dynamic recrystallization could have been a significant factor in the deformation of the earlier 3.1 at. % Sn specimens at temperatures just above 500K. Dynamic recrystallization should have a strong effect on the flow stress and its strain-rate sensitivity. This is because the extent to which dynamic recrystallization occurs depends on both the strain-rate and the temperature and because dynamic recrystallization is associated with softening or a lowering of the flow stress, in this regard consider Fig.  5 where the ultimate strength is plotted against the temperature at two fixed strain-rates lO^and 10"V' for both 5 and 340μτη specimens. Note that at temperatures approaching 700 Κ the separation between the 10~2 and lO'V 1 curves is much greater in the 5μηι curves where dynamic recrystallization is a viable factor than it is in the 340μηι specimens. Thus, when dynamic recrystallization occurs, as in the 5 μηι specimens, a change in strain-rate has a much greater effect on the ultimate stress than in the 340 μτη specimens where there is no evidence for dynamic recrystallization. This supports the assumption that dynamic recrystallization should have a significant effect on the flow stress.
SUMMARY
In a comparative study of the deformation behavior of 5 and 340μτη mean linear intercept specimens of Cu-4.9 at. % Sn tested between 77 and 700K at strain-rates differing by as many as five orders of magnitude the following were observed.
1. At both grain sizes typical dynamic strain aging phenomena were observed above about 300K. These included a strain-rate dependent ultimate tensile stress pfeak and a Portevin-Le Chatelier effect; i.e. serrations on the stress-strain curves.
2. For both coarse and fine grained specimens a shift from ductile transgranular to mixed intergranulartransgranular fracture was observed to start at the dynamic strain aging ultimate stress maximum on constant strain-rate plots of the ultimate stress versus the temperature. The intergranular component of the fracture increased as the temperature was raised above the DSA ultimate stress peak.
3. For specimens with a 5 μηι mean linear intercept, tested at a fixed deformation rate, dynamic recrystallization was observed to start at or near the end of the temperature interval in which the Portevin-Le Chatelier effect or DSA was observed.
On the other hand, no significant evidence for dynamic recrystallization was observed in the 340μτη specimens anywhere between 77 and 700K.
4.
The reduction in area of 340μτη specimens, deformed at constant temperatures between 500 and 700K decreased continuously with decreasing strain-rate through as many as five orders of magnitude. This loss in ductility was accompanied by an increase in the intergranular fracture component. With increasing temperatures and slower strain-rates the fracture became more and more intergranular and brittle.
5. The 5μιη specimens all exhibited ductility minima when the ductility was plotted against strain-rate at fixed temperatures. Dynamic recrystallization was observed on the slow strain-rate side of these minima. Thus, dynamic annealing was associated with a ductility increase. Since intergranular fracture occurred simultaneously with the dynamic annealing the observed ductilities were due in large part to the porosity of the resulting microstructure. Russell and Jaffrey /3/ have proposed that this should be called a "pseudo ductility".
6. The present results suggest that the failure of the model /1 / for predicting the temperature and strain-rate dependence of the flow stress and its strain-rate sensitivity near the high temperature end of the dynamic strain aging interval, measured at a fixed strain-rate, could be due to dynamic recrystal-
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lization. This is because in this region dynamic recrystallization adds an additional temperature and strain-rate dependent component to the flow stress that was not accounted for in the original model.
